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I. INTRODUCTI3N 

The study of single particle incl.Jsive spectra provides insight 

into the underlying constituent structure of the interacting 

systems. For example, inelastic lepto-production experiments 

meagure the quark structure functions for the target nucleons.’ 

Both low and high pt hadronic reactions study the quark-quack 

interaction and the methodology of quark confinement.*"'* The 

coincidence study of the remaining particles left behind may provide 

further insight into the reaction mechanisms through correlations 

with the trigger particles with respect to multiplicities, angular 

distributiops, momentum spectra, or flavors. 

The Fermilab Single Arm Spectrometer facility, SAS, was used to 

study the multiplicities and angular distributions of the associated 

charged particles produced in hadronic interactions. A non-magnetic 

vertex detector surrounding a liquid hydrogen target was triggered 

by a single charged hadron detected in the Single Arm Spectrometer. 

The beamline and spectrometer instrwentation allowed complete 

identification of the incident and trigger hadrons, allowing 

simultaneous measurement for all reactions of the type 

a+p->c+x 

. 

where a and c are any combination of x*,k*,p, and 6. Data were taken 

at incident momenta of 2100 Gev and -175 Gev. The scattered trigger 

hadrons were measured over the Feynman-x range 0.2 <x<O.94 and -- 

transverse momentum range 0.1 pdl.2 Gev/c. We present results on 
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the multiplicity and pseudo-rapidities of the remaining charged 

particles as a function of beam and trigger particle species and 

kinematics. 
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II. APPARATUS AND TECHNIQUES 

A. Description 

1. M6/SAS Single Particle Inclus:ve Cross Sections 

The Fernilab M6 beamline and the Single Arm 

Spectrometer have been used by this group for a 

continued study of single particle inclusive elastic 
> 

and inelastic hadronic scattering.* This facility 

provides events tagged with regard to beam and 

spectrometer particle momentum, direction, and 

position. Eight Ceeenkov counters, electromagnetic 

and hadronic shower counters, and a muon absorber give 

unambiguous identification of the incident and 

scattered particles on an event-by-event basis. This 

information provides measurement of the single 

particle inclusive cross sections.' In addition, the 

PI6/SAS system provided a fast trigger to the vertex 

detector to,study properties of the charged particles 

associated with a fast forward hadron. 

The single particle inclusive data reported here 

include studies of the beam fragmentation region, 

Feynman x 2 0.2, for moderate transverse momenta 

0.1 5 p, ( 1.2 GeV/c. All results are empty target 

substracted and are averaged over plus and minUS 



production angles in order to reduce systematic 

effects. 

2. Transmission Total Cross Section Triggers 

In addition to the spectrometer system described in 

Ref. 5, provision was included to form a total cross 

section trigger. This allowed the properties of the 

associated particles measured in this experiment with 

a minimal bias trigger to be compared with similar 

bubble chamber results. A small~scintillation counter 

was placed at the momentum dispersed focus of the 

spectrometer. The spectrometer was placed at zero 

degrees to the incident beam and tuned to the beam 

momentum. Particles that met the criteria for beam 

particles, but failed to fire this scintillation 

counter, were candidates for inelastic interactions 

and produced a trigger for the vertex detector. The 

largest background for a tots1 cross section 

measurement was from low t, high x scatters that 

struck the transmission veto counter. The etfect of 

this background was estimated using the results of 
0 
Ref. 5. Losses of transmission due to scattering OI 

absorption in the spectrometer were treated as empty 

target backg&xnds. 
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3. Vertex Detector’ 

The 20' liquid hydrogen target (0.06 absorption 

length) was surrounded by a non-magnetic vertex 

detector. The primary goal of this detector system 

was to measure the associated charged particle 

multiplicities and pseudo-rapidity distributions for 

single particle inclusive events triggered by the 

Single Arm Spectrometer. The vertex detector and 

liquid hydrogen target were mounted on a tilt frame to 

maintain alignment along the incident beawwhile the 

beam was pitched vertically to vary the pt of the 

trigger reaction. A schematic layout showing the 

relative positions of the vertex detector components 

is shown in Fig. 1. 

Three separate detector systems were used to cover the 

full angular range: the forward multiplicity Cerenkov 

counters (MC), the mid-range multiwire proportional 

chambers (PC), and the wide angle target recoil 

hodoscopes (MT and MS). All detectors had a hexagonal 

geometry. Two adjacent detector regions allowed 

substantial overlap for tracks originating from any 

vertex within the hydrogen target. Table I lists the. 

detector properties. 

The multiplicity Cerenkov counters, MC, detected 
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charged particles within 1.8* of the incident beam. 

nultiwire proportional chambers would not have been 

feasible for this region because of tracking 

ambiguities due to the large particle density for a 

large fraction of our events. The incident beam and 

spectrometer trigger particle also passed through the 

nC counters. This required short resolving times and 

high rate capability. An array of six one-half inch 

thick (0.02 absorption length) Pilot 425 Lucite 

Cerenkov Counters’ was positioned on the incident 

beamline. The Cerenkov light output was independent 

of the veAocity for particles with 6 > 0.9 allowing 

detection of multiple particles in a single MC counter 

by pulse height analysis. The MC array could be 

removed remotely to study backgrounds and absorption 

of the spectrometer trigger particles. 

nultirire proportional chambers (PC) covered the 

angular range 1.5. to 24*. In addition to track 

co""ti"g, the PC array was used to reconstruct the 

interaction vertex position for each event, a 

necessary point for studying angular distributions for 

an extended target. The nine sense planes were 

arranged in three packages providing three points for 

each track in each of three projections rotated 120' 

between views. ’ There were 2600 sense wires of 

0.080. spacing in the entire vertex detector. 
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Eexagonal kapton plugs of 0.002" thickness were used 

to deaden the beam region for the PC's. The plug 

sizes were chosen to shadow most of the MC array. The 

middle triplet package had a smaller plug to allow 

more overlap with the MC array for intercalibration 
I 

studies. 

The hexagonal target hodoscope (MT and MS) counters 

covered the region beyond 22O. The double layer of 

scintillators discriminated against delta rays while 

maintaining sensitivity to stopping protons. A 

coincidence between the inner (MT) and outer .(MB) 

counters signaled a penetrating particle. Stopping 

recoil protons were detected by requiring a 6 times 

minimal energy deposition in the inner MT layer 

without requiring a MT.MB concidence. The MT counters 

formed three hexagonal barrels along the beam. Each 

set of three MT counters was backed up by a single MB 

counter for a total of eighteen MT and six MB 

counters. 

The overall resolving time of the vertex detector was 

determined by the 40 nsec charge collection time of 

the multi-wire proportional chambers. For the 

multiplicity analysis, it was'required that there be 

no other beam particle incident within L3 RF buckets 

(f55 nsec) of the spectrometer trigger to minimize 



backgrounds due to old tracks from events in nearby RP 

buckets. Events were vetoed if there were more than 

one beam particle in a bucket as detected by ambiguous 

beam Cerenkov patterns or large pulse heights in beam 

trigger counters. Such accidental rates and MWPC wire 

currents limited our luminosity to 1.5 x 10' 

interactions/second or 3 x IO' incident 

hadrons/second. 

6. Analysis 

The largest background for spectrometer triggers was 

produced by the MC array in Fig. I. Interactions of the 

beam in this counter resulted in abnormally low 

multiplicities recorded in the vertex detector. The 

reconstructed beam and spectrometer trajectories were used 

to determine the s position (along the beam) of the 

interaction vertex and eliminate this background. In 

Fig. 2, the typical full and empty target vertex s 

distribution appears for a 3.5 mrad production angle at 60 

Gev/c . The target is symmetric about 0 while the MC 

background peaks at 1.65 meters. The spectrometer 

triggers were required to have z < 0.75 meters. 

For those spectroceter triggers which were completely 

reconstructed, satisfied all cuts and were completely 
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identified, the multi-wire proportional chamber data was 

decoded. The tracking algorithm first found a vertex by 

extrapolating hits in each projection back to the target. 

A fit,combining all three projections determined the x,y,z 

coordinates of the interaction vertex. Tracks “ere 

discarded until a” acceptable X2 was attained. and the 

discarded tracks were examined for a second vertex. Using 

thin nuclear targets, the PC vertex resolution was 

mqasured to be az = 0.7 inch. After the vertex was 

determined, the three PC packages were analyzed beginning 

with the downstream package. Lines were drawn to the 

vertex including hits in other packages vithin a 4mm 

roadwidth. The found tracks were scanned, deleting the 

most ambiguous tracks which shared too many commO” 

projections. Two PC tracks within bmm were treated as a 

single track. 

Multiple particles could be detected in a single t4C 

counter as evidenced by the pulse height spectrum shown in 

Pig. 3. The pulse height cuts corresponding to a specific 

number of particles were set by equating the miscounting 

of adjacent multiplicity bins in order to preserve the 

average multiplicity. In those cases where a single MC 

counter appeared to have more than three particles 

detected, it was assumed that a secondary interaction 

occured in the lucite counter and the true multiplicity 

for that counter was set to one. The percentage or good 
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events with more than three particles in a single MC 

counter was estimated to be much less that 1%. 

Wide-angle particles were detected by a coincidence 

between the inner MT counter and the corresponding MB 

counter. A coincidence was not required for particles 

stopping in the inner counter provided there was at least 

a six times minimum energy deposition in the MT counter. 

No vertex was found in 5-40% of the events depending on 

the spectrometer kinematic setting. For the triggers with 

large Peynman x, the small multiplicity gave a large 

probability of no PC tracks. As x decreased. the PC 

multiplicity increased enhancing the probability of 

finding the vertex. When no vertex was found, the center 

of the target was used to compute the track coordinates. 

The overall multiplicity and angular distribution for each 

event was determined by combining the results from the 

three vertex detector systems. Coincidences between the 

overlap regions of the individual detectors were checked 

to prevent double counting. The charged particle hit 

pattern for each reaction channel and kinematic setting 

was stored in six angular bins with respect to the beam 

axis. Pig. 1 and Table II list those bins end the 

corresponding pseudo-rapidity ranges. Empty target 

subtractions were performed on all distributions at this 

point. 
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C. Corrections"'o 

For each reaction type, we measured a raw charged prong 

count N . . 
01 

To extract the true charged prong count, NTi, 

we assume there is a linear transformation 

N 
4 = t "ji NTi 

where M. ,i is the probability of an event with i charged 

prongs being measured as having j charged particles. The 

elements Mji were determined using &Monte Carlo method 

which simulated events with both charged and neutral 

particles, including the vertex detector response." 

Two related methtis were used to generate the hadron 

distribution at the vertex. Actual reconstructed Fermilab 

30. bubble chamber events for 100 GeV pp interactions" 

were used for the charged tracks. Extra neutral tracks 

were generated using a pt-limited phase space Monte Carlo 

method to balance momentum." The number of extra 

neutrals was generated as a Poisson distribution using the 

&verage number of K*, no, and A* measured in bubble 

chamber data." 

The second method involved generating both charged and 

neutral particles using the pt-limited phase space Monte 
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car lo. This method also generated events which were 

triggered by the detected spectrometer particle. The 

recoiling hadrons were generated for the appropriate 

missing mass Mx2 and recoil momenta. The overall single 

particle distribiitions generated were constrained to 

reproduce the inclusive data measured by the spectrometer. 

The generated events of a given multiplicity j were then 

propagated through our vertex detector taking the 

following effects i6to account: two or more psrticles in 

the same MT.MB counter, delta rays, multiple scattering, 

ionization energy loss, elastic and inelastic scattering, 

gamma ray conversion. and the decays of neutral particles. 

The measured detector inefficiencies, misalignments, and 

responses were afso included in the program. The 

distribution in tne number of the particles detected by 

our vertex detector produced the transform matrix 

rang events detected as i arongs 
nij * N"~$~e~fo'&lated events with j pro;gs 

The charged prong distribution NTj was calculated by least 

squares minimization of 

X2 = f [Noi - Mij NTj)’ 
i 
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where ai is the statistical error on the number of events 

of apparent multiplicity i. A problem regarding the 

oscillation of the fitted charged prong coefficients VSS 

solved by constraining the prong count distribution 

NTi -ae -bi 

for i greater than twice the average multiplicity. This 

form approximates the tail of the KNO scaling distribution 

discussed later. For rare channels, such as cp-k*X, with 

less than 100 detected events, we simply used a correction 

ratio of (fitted cn>/raw~n>) determined for S much higher 

statistics process such as n-p+n+X to estimate the average 

multiplicity of the rare channel. A similar least squares 

matrix approach VSS used to correct the pseudo-rapidity 

distributions. 

Three actual data sets were used to calibrate our Monte 

Carlo and detector models. Non-interactive beam particles 

produced delta rays in the hydrogen target. By studying 

the vertex detector response to these beam triggers, we 

directly observed the difficult to model major background 

due to production, self-absorption, multiple scattering 

and transport of very low energy electrons through our 

hydrogen target and detector. Elastic scattering data was 

used to calibrate the response of the MT and MB counters 
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to slow recoil protons. Finally, we required good 

agreement with the total inelastic multiplicities observed 

in bubble chambers as described in Section III-A. 

, 
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III. TOTAL INELASTIC CROSS SECTION STUDIES 

As a calibration of the vertex detector, the spectrometer 

transmission veto system formed a total cross section trigger. 

Total inelastic charged multiplicity data were compared to bubble 

chamber measurements in order to check detector performance and to 

understand systematic differences. This section contains 

measurements of the total inelastic cross sections, the mean 

inelastic charged multiplicities, and the topological cross 

sections Fcr T*, k’, p and 6 beams at 100 and 175 GeV/c. The 

negative beam data were used to demonstrate KNO scaling. 

A. Total Cross Sections 

The total cross sections measured in this experiment are 

listed in Table III. These were corrected for elastic 

events vetoed by the spectrometer’ (~20% and 50% at 100 

and 175 GeV/c respectively) as veil as for the loss of 

low-t (It12 0.04 GeV*) inelastic diffractive events”; 

These data are compared to those of Carrol, et. al.” . 

The quoted errors are statistical only. The systematic 

error is estimated to be about 3%. The largest source of 

error is the uncertainty in the spectrometer acceptance 

for the elastic cross section (2 1.5%). Other sources of 

error include beam doubles (< 0.5%). beam particle 

misidentification (5 . 1%) and muon and electron 

contamination o,f the pion sample (~5%). 
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B. Mean Inelastic Multiplicities And Charged Topological 

Cross Sections 

A colPpari*on of the mean multiplicities of charged 

particles measured in this experiment with those measured 

with bubble chambers appears in Table IV. The quoted 

errors are only statistical. Systematic errors are 

discussed later. Although intended as a calibration, for 

some channels this data represent the first multiplicity 

neasbrements at these energies. 

The topological cross sect&s for x+p,pp and sp at 100 

GeV/c are listed in Table V indicating good agreement with 

bubble chamber measurements. Topological cross sections 

of the remaining channels are given in Table VI. For ease 

of comparison, the topological cross sections in these 

tables have been normalized to the inelastic cross 

sections of Ref. 5 and 15. 

C. Scaling 

Charged topological cross sections for incident badrons 

have been shown to obey KNO scaling.” The 100 and 175 

GeV/c negative beam topological cross sections have been 

plotted as ~~~~~~~~~~~~~~~~ vs. n/an> (Fig. 4). Gut data 

is in good agreement with the curve, which represents a 
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KNO fit" to pp data over the range 50 to 300 GeV/c. This 

is the first demonstration of KNO scaling for negatively 

charged hadron beams. 

D. Corrections and Estimates of Systematic Error 

These are two sources of systematic error for the total 

inelastic multiplicities and topological cross sections. 

Uncertainty in the elastic event substraction can 

contaminate the two-prong topology and shift the average 

multiplicity by about 0.06 charged particle. The other 

source of systematic error is in the modeling of the' 

detector system and in the parameterization of neutral 

particle production and backgrounds used in the Monte 

Carlo program. The set of physical effects considered and 

the detector system modeling were discussed in Section II. 

Table VII summarizes each effect, together with the actual 

corrections applied to the 100 GeV n-p data. For all 

reactions, the systematic uncertainty in the average 

charged multiplicity is 53% of the multiplicity. The 

understanding and treatment of this source of error are 

directly applicable to the associated multiplicity data. 
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IV. ASSOCIATED CHARGED PARTICLE MULTIPLICITIES 

A. Kinematic Variables and Datd Presentation 

In this experiment, typical data runs consisted of varying the 

scattering angle at a constant spectrometer momentum setting. Over 

all of the kinematic range covered, the ratio 

X-P spectrometer'Pbeam approximated Feynman-x to better than 2% 

accuracy. For each spectrometer momentum, angle settings 

corresponding to pt = 0.3, 0.5. 0.75 GeV/c were chosen. Additiona 

pt values out to pt a 1.2 GeV/c were covered for x = 0.3, 0.6, and 

0.92 or 0.94. 

The most useful kinematic variables for studying associated 

multiplicities in the reaction a + p + c + X are the total missing 

mass squared M x * and the invariant momentum transfer t defined as 
2 -- 

n. = cpp+pn- FL )t r SC/-X) 

t: (i;,-?c )% Q( N,1(r-r) 4 Pf,Z(,-f) - Pt’/x 

vhere s = 2M p p beam‘ the total energy squared. These forms are 

approximations valid at high energies. 

The average associated charged multiplicities for selected 

channels are shown as functions of t and x in Figs. 5 and 6. 

Complete tables of these results for all reaction channels are 

available in Ref. 7. 

8. t-dependence of the Leading Particle Associated Multiplicities 

Previous bubble chamber I"" and counter experiments *"*' have 

studied the @Ix* and t-dependences of the associated multiplicities 

in leading particle reactions of the type 
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PI? * PX 
“P .e n-x 

n-p * xp 

Most of these pp * pX experiments find very little dependexe of the 

multiplicity on the momentum transfer t. However, the ARG3 group” 

found definite increase in the associated multiplicity with 

increasing t consistent with a form ti = a(x) + 6’ (SIX-Me) * :tl. The 

Permilab 30” bubble chamber group” has also fomd a form 

i = O(x) +6 1 tl for the reaction Tp+n-X vhere t coefficient i s 

independent of x or Mx-. 

The leading particle data of this experiment have been fit to 

the form 

=ix) -p&9 t 

at a constant x or Mx’. Results of this fit are displayed in Pig. 7. 

For the high statistics channels, the term 6(x) is positive, 

indicating an increase in the average wltiplicity with inczeasinc 

scattering angle. 6(x) is independent of x except for x > 0.8, 

where it falls to zero as x + 1 in a manner consistent wit? the ASGO 

spectrometer data.” The t slopes obtained for 7’~ -c x*X are 

somewhat smaller than those of Ref. 19, where a constant E = 1.15 2 

0.18 was used for all X. 

c. 2’ -Dependence 
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The parameters a(x) in the previous fit, which represent the 

average multiplicity at t = 0, are plotted for two reactions in 

Figs. 8 and 9. This removes any complications due to tmin effects. 

For the pp + pX case, the dotted curve represents ISR data of Albeow 

et al - -- ** as well as an average of the 100-400 GeV bubble chamber 

data." This curve agrees well with our data and is also a good 

representation of the s-dependence of the pp + X inelastic 

multiplicities. On the other hand, the in%' slope of our n'p + 7*X 

data is somewhat shallower than either the pp + pX multiplicities or 

that of Ref. 19. These data more nearly fdllow the s-dependence of 

the rfp + X multiplicities. Assuming a single exchange trajectory 

for hp + hX at high x or low Mx', one would expect identical 

behavior for associated multiplicities for all hadrons h, since all 

target fragments arise at the pomeron-proton vertex. 

Fig. 10 shows the average multiplicities for several reactions 

at t - 0 and H * - 53 GeV’. x The results for these reactions are 

essentially the same with an average ii = 4.62, and a standard 

deviation, c = 0.18, and they agree well with the bubble chamber“ 

results for pp + px, A%, and A++X. This shows that at fairly low 

2' the multiplicity is quite independent of the exchanged particle, 

whether Pomeron, meson, or baryon, and primarily depends on M,". 

Pig. 11 shows the average associated multiplicities for various 

channels at Rx* = 131 GeV and t = 0. There is considerably more 

scatter in the data (c = 0.6) than for Fig. 10. This is not 

surprising since at this x-value the spectrometer trigger particle 

lay be centrally produced instead of being a true beam fragment. 
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D. Global Fit 

A form ii(Mx’, t) = A + B LnM x* + C ItI was used to parameterize 

all channels where there was sufficient data at at least 10 

kinematic settings. This form includes a hMx* term representing 

the growth of the available rapidity space and a ItI term which 

arises from Reqge-oloqy.” The fitted values are presented in 

Table VIII. The results of these fits have been indicated as solid 

curves in Figs. 5-9. The coefficients show good agreement with 

previous experiments except for the non-vanishing t-dependence for 

PP + pX observed in this experiment. The channels where the 

incoming and outgoing particles differ show little or no 

t-dependence. 

The LnMxf coefficients, 8, for all leading channels hp * hX are 

compared with the en s term for hp - X inelastic multiplicities” 

Fig. 12. Good agreement is observed between the channels with the 

same incident positive beam. The negative beam results for the 

associated multiplicity are approxiaately two standard deviations 

lower than the corresponding inelastic multiplicities. 
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V. ANGULAR DISTRIBUTIONS FOR THE ASSOCIATED PARTICLES 

A. Introduction 

The CHLM group*@ has studied the associated multiplicities 

and angular distributions for pp interactions at the ISR. 

Pseudo-rapidity distributions for pp+n*,K',p.pX triggers 

show a flat central plateau for the recoil system. The 

shape and cutoff of the rapidity spectra near the edges of 

the recoil system phase space are independent of the mass 

of the recoil system. The longitudinal and angular 

distributions are consistant with those expected for a 

et-limited phase space model. 

Due to limited statistics, all angular distributions for 

this experiment have been integrated over azimuthal angle 

and number of charged particles. We will discuss the 

behavior of the pseudo-rapidity spectrum as a function of 

x for leading particle interactions. The correlation 

information for OPE o" production will be discussed in 

more detail. Finally, fragmentation models are compared 

with the angular distributions. The study of such 

correlation data may provide an extra handle on 

theoretical understanding of production and fragmentation 

processes. 

In the absence of mdmentum analysis, the associated 

particles are described by the pseudo-rapidity. 
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'Ilab = -In tan (e/z) 

where S is the production angle relative tc the beam 

direction. At high energies, this approximates the 

rapidity except for very forward or backward particles. 

In particular, n diverges as O+O' or 180°. Assuming all 

particles have pt=0.3 GeV, a typical average transverse 

momentum, the maximum pseudo-rapidity available to an 

associated particle is: 

? _ ,l?u Jet/-x) 
UR% dpr> 

where p is the beam momentum and x is the Feynman-x of 
e 

the trigger hadron. This estimate works reasonably well 

to define the n-bin center and bin width corresponding to 

the UC detector region. Similarly, for backward particles 

llmin'-l.l' independent of x or p . D 

8. Particles Associ'ated With Leading Aadrons 

The pseudo-rapidities of particles produced in the 

reaction n-pn-x at 175 GeV and pt=0.5 GeV/c are depicted 

in Fig. 13. As the x-value of the trigger n- decreases, 

the width of the pseudo-rapidity spectrum increases as 

En Mx2 as expected. The ns0 region and the forward slope 

are independent of~x. The dotted line represents the 
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average slope observed by Ref. 20. Finally, a central 

rapidity plateau develops. 

Pig. 14 shows the relationship between the total and 

associated rapidity distributions at a common s=Mx’ = 192 

GeV’ . The associated n-distribution for pp*pX measured in 

this experiment (histogram) is compared to the total 

wdistributions for pp*X (Ref. 23) and pp+X (Ref. 24) at 

100 GeV. Good agreement is attained for all three data 

sets indicating that these processes can all be described 

by a simple pt-limited phase space model. 

C. Resonance Production 

The process n*P+n+X at high Feynman-x" exhibits many 

features not described by phase space. strong 

correlations are expected for the production and decay of 

0. mesons. The a'+,,' channel is compared to the 

conventional fragmentation pw-. Fig. 15a shows the extra 

cross sections at high x due to forward resonance 

production and decay for the pion beam. The p*'n- and 

1++n- associated multiplicities are similar as a function 
0 

of X. In Fig. 15c, the parameter fa = <n2>-<n>‘-<n> 

indicates that the multiplicity distribution is much 

+ 
narrower than Poisson for the n +n- channel at high X. 

Pig. 15d.e show the inclusive cross section force given 
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number of charged prongs. For n++.-, the 3- and 5-prong 

cross sections are flat above x=0.5 whereas all prong 

crc~ss SectiOnS fall rapidly for p+n-. The resonance 

contribution consists primarily of 2 and 4 prong events at 

the exchanged n+p vertex in Fig. 15f. 

The associated charged particle pseudo-rapidity 

distributions are shown in Fig. 159. AS the spectrometer 

trigger II- increases in momentum above x=0.3, the phase 

space plateau narrows and a very large positive 

correlation emerges at ns4. This represents the T+ from 

the p* decay. 

D. Correlations in Fragmentation Models 

The fragmentation Of particle a into particle c at high 

Peynman x has been theoretically described in terms of 

constituent interchange and recombination models."Ob FOK 

many reaction channels, a single beam particle valence 

quark ends up in the forward hadron. The remaining 

valence quarks in a may be exchanged with the target 

system or may continue foward, possessing the remaining 
0 
momentum of the incident hadron. The latter situation 

should be manifested in additional high rapidity secondary 

hadrons produced by the possibly fast spectator quarks. 
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Correlations between the trigger hadron species and the 

associated charged particle multiplicities in the angular 

range n>3.3 were studied for meson fragmentation 

reactions. The spectrometer Wigger hadron was required 

to have x-0.86. As shown in Fig. 159, this kinematic 

combination allowed clean separation of fast forward beam 

fragments from the slower, wide-angle target fragments. 

Pseudo-rapidity distributions for leading particle 

channels hp+hX are dominated by target fragments and 

provided a measure of the average associated multiplicity 

of about 0.5 particles for n~3.3. The excess multiplicity 

above this tail of the target fragmentation region is 

presented in Fig. 16. Assuming an average pt of 0.3 

G&?/c, an additional beam fragment may have up to v4.4, 

con6istent with both the remaining beam hadron momentum 

and the average x-value determined by the hadron structure 

functions. 

For most channels, the excess multiplicity for n>3.3 is 

con6istant with zero. It should be noted that the minimal 

number of spectator quarks is at most two for these 

channels. The double charge exchange reaction6 nf*n 
; 

or 

RI do have an exce6s forward multiplicity, but this 

prc6umably result6 from resonance production. The beam 

6nd 6pectrometer particles share no quarks in common and 

require at least three spectator quarks. Reactions such 

a6 p+kd or p+c may tend to have similar higher forward 
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multiplicities. Sowever, the cross sections are 

vanishingly small in the high x region where beam and 

target fragments could be separated in the angular 

distributions. 
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VI. Summary and Conclusions 

This experiment studied the charged particle multiplicities and 

angular distributions in hadronic interactions using both inelastic 

cros6~6ection and forward spectrometer triggers. To a high degree, 

these quantities agree with those expected from pt-limited 

longitudinal phase space models. 

The multiplicities behave as 

ii = A + B In Mx2 

Or 

fj=A+Blns 

where the coefficients are independent of particle species or 

kinematics implying that the available energy s or Mxz is most 

important for understanding multiplicities. A linear t-dependence 

was observed for the leading channels pp-px, n*p+n'X. The 

coefficient of t was constant for x<O.E, but decreased to zero as 

x+1. The multiplicities and angular distributions for particle 

exchange reactions were similar to those for leading particles at an 

equivalent Mx’ except for the effects of forward resonance 

production. 

A more extensive discussion and more complete tables of these 

results can be found in Ref. 7. 
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was supported in part by the U. S. Department of Energy under 
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Table I 

llultiplklty mtector OetI~ls 

C,ster I Poll con: TJpe of Light Detected 

EC, - 6 67.9' ccnntor 

r;, - 6 -5.0' SCl.ltfll~CiO~ 

Iv- 72 +s.o* Sclntfll4tm 

"1, - la .15.0' Sdnt~ll~tlOn 

11a - 6 l 5.0- Sclntill4tlon 

:x 66.4. Scintillrt~on 

h,tl,Arc Pmportbml Chamber4 

~cstnt 51ze 
2.0. (on side. , 
l qu!lrtcnl tri- 
l gle) 

8.5' x 10: 

8.5' 1 10: 

8.5' I 10: 

8.5. I 34: 

mole Trigger 
counter 

se-,: v1me 1 Pcsltlon* Plug size coordtnrte FkrswedH 

Pill 25.1' 1.5' I 1.6' MI 
Fi12 24.5' 1.5' x 1.6' us 
PC13 23.9' 1.5' I 1x % 

PC21 45.8. 1.0' I 1.2' % 
PC22 45.2. 1.0' I 1.2. "I 
PC23 64.6. 1.0. x 1.2' % 

VCII 63.6' 3.3. x 3.0. VI 

XX 63.0. 3.3' I 1.6. % 
x33 62,4' 3.3' x 3.6. "a 

*All I pmttlm 4~ 9ivcn relrtirr to the center of tk 20' Wdmgen UP- 

:rt l.hkh I, at a z . 1470'. dmnstnan cf the mwn productIon target. 

Table II 

ttr 
%!= (9 ‘la%. 

Sam rrd bdl %tn 2:x *II 

4 = 0 .OXS 4.00 - 

?2 PC36 .0x.6 .0737 3.30 4.m .I 

", vcll .0737 .1342 2.70 3.30 .s 

", 7c2l .134: .2437 2.10 2.70 .6 

'4 Pcm .t437 .48)- 1.40 2.10 .7 

-5 m .4811 - w 1.40 
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Table III 

Total cmsr S+ctlon% WJ) 

kam -cum . 1OO tevtc 

.'v A VQ v-v a-v iP 

N.qm 

22.1: .9 17.7tl.L 36.7ti.J 23.12 .7 20.2Il.1 36.1tl.l 

pmctiom 

.7t .2 32 .I 1.7* .J .7t .l .5t .2 2.0t .4 

.1r .1 -1: .l .3¶ .I .1* .l .1t .I .3* .I 

prrtcted Ilcsult 

23-c .9 16.4tl.7 30.7tl.3 23.9~ .7 20.8rl.2 40.4t1.2 

Yorld Data 

23.3~ .I 1s.9t .I 36.4s .l *4.0* .l 20.41 .l 42.0t .2 

. 

%Ul 

%Ul 

‘;ihc 

0 

%l.lC~. 

%ulm1C 

%tow 

"Wtal 

F .' l 14SClC 

3.32 .2 2.s .I 7.1s .4 3.3: .l 2.h .1 7.b A 

$cm Rmmtw * 175 crv/c 

w 
20.9~1.1 16.9:l.S 23.kl.O 21.b .l 20.111.0 36.2~1.6 

Csmctlons 
I& .2 1.11 .3 3.7* .3 1.7t .2 1.12 .2 4.0; .6 

.4t .l .2t .l 1.w .2 .4t .2 .3t .I 1.w .3 

$W-ected &sult~ 

22.9r1.2 18.211.8 39.611.1 23.41 .(I 21.4tl.l 41.211.7 

Uorld Data 

23.6t .l 19.6r .l 36.0t .1 24.2~ .I 20.7% .l 41.61 .5 

3.4: .l 2.5t .l 7.1: .3 3.4: .I 2.6t .l 7.1: .I 

l ref. 14. 
** ref. 15. 

l ** ref. 5. 
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Table Iv 

I~ld4nt 

l6!sL 
ae4ct1m 16?VC) 

.*v 100 

v-r 100 

.'r 17s 

v-v 175 

h Inllrtlc cmqed klt~plklty 

TM, hprrimt 

Mm1 0 kn:: Ntam 0 w 

6.75 t .I6 3.33 f .12 2166 t 116 6.62 s .07 3.19 * -0s 26 

6.79 f .ll 3.15 * .011 3461 f 140 6-n t .m 3.39 s .QI 27 
7.55 t .21 3.67 t .14 1210 t Y2 

7.63 t .14 3.61 f .lO 2013 t 60 

K% 1m 6.95 s .25 3.33 t .lt 961 r 62 6.65 t .31 3.24 t .19 29 
CQ loo 6.76 t .18 3.17 * .lO 2247 t 152 

c*9 175 7.61 f 37 3.65 t .21 665s 74 

C-P 175 7.56 t .16 3.63 t .I1 1767 t 100 7.33 t -21 3.51 * .15 30f 

W la0 6.44 t .I7 3.24 t .13 1712 f I13 6.37 f .% 3.26 t-.06 26 
h 100 6.52 t .I1 3.13 t .O¶ 2462 t 93 6.74 t .6S 3.26 t .OS 28 

w 175 7.54 t .15 3.71 t .lO 2719 t 130 

k 175 1.36 r .24 3.61 t .lI 1093 2 80 

-awllP .t 147 Gevc 
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Table V 

,wla\li Ch4vy.I l”,,~,l”,, ;to,:, ‘...,I.- ‘.““lhili~m.l 

2 

4 

“CI:tlOn 
I"0 :" 100 PI, : :: .-p 

KZd 
tin Ycr 26 our: PC.‘. 26 YS,. 2: ou.,'w s ntr. 2E 
ldl WI1 Imel beI -5: (.b) ,C' (4) 

6 

I 

10 

12 

14 

16 

Ia 

24 

2.51.9 2.4 1.2 

4.2t.5 4.7 t.2 

4.4t.6 4.8 a.2 

4.0t.y 3.6 1.2 

2.St.8 2.6 t.2 

1.61.5 1.3 t.1 

.s:.t .s a.1 

a.1 .lk.03 

.1*.1 A4t.02 

--- mr.01 

mot.9 20.2t.2 

3.7* .9 ..9*.3 1.9 1.6 

(1.9* .9 7.3e.3 4.6 :.4 

7.01 .9 7.ot.3 5.0 r.5 

4.3tl.O 5.6r.2 3.9 1.6 

4.4* i8 - 3.7~2 2.6 r.6 

1.7: .2 t.7t.1 1.7 *.4 

.h .2 .a:.1 .5 t.1 

-32 .l .2*.01 .12*.10 

.1t .05 .I*.02 .03*.a 

---em .1:.1 

31.3tl.2 31.k.2 20.7r.7 

2.0 t.3 

4.8 t.1 

5.2 t.1 

4.3 t.1 

2.5 t.1 

1.4 2.1 

.6 t.04 

.13*.03 

.05*.01 

.orr.ooe 

21.0%2 

4.6 : -6 ,.6 t .3 

8.0 t .7 6.1 t .2 

4.3 t .9 3.3 t .2 

4.9 t1.1 6.9 t .2 

4.4 t1.1 4.1 * .l 

3.0 : .7 2.2 * .l 

.a t -4 -9 f .l 

.2.* .l .4 f-04 

.G't .m .ltt .02 

e-s .04t Al 

36.2t1.1 %A:.4 

Table VI 

Iwlasrk chargad Topology Cm: SectCtlo- bbams) 

k1ctlOn 
l WO -100 l 175 .175 .175 -175 -175 -175 

I’ K-P .+v K' 1-o 
1* (a) (tbl @lb ,% 

dp 
(Cl &I 

2 .1.7* .9 2.1t .I 1.9: .8 2.111.6 3.7* .* 2.2t .I 1.5*:.0 4.0~12.0 

4 3.5: .9 3.a .5 3.71 .7 2.6: .9 5.4r .a 3.7t .4 3.7* .5 6.hl.2 

6 3-b .C 4.9* .7 4.2* .9 3.4tl.l 6.5rl.O 3.6* .5 3.4t .7 6.9rl.7 

8 3.2s .6 2.9; .I 3.6tl.O 3.6tl.3 5.9tl.O 3.7* .6 3.7* .a 7.3r2.3 

10 2.36 .I 2.81 .7 2.5*1.0 2.3t1.2 4.2tl.O 2.9* A 2.7: .6 3.921.5 

12 1.1: .s 1.3t .a 2.7* .I 1.5t .7 3.h .a 1.k .3 I.% .3 3.hl.5 

14 .k .I .4* .2 I.09 .I .5* .5 1.5t .2 1.e -3 .81,.3 1.7* .5 

19 .2* .l .I* .l .4* .3 ----_-_ .6* .2 .6* .2 .5* .2 .h .J 

10 .I, .l .os*.m .lf .I -__---_ .3t .l .4* .I .2* .l .h .J 

20 I--_ - -__-- --___ ---_-- .It.W .i* .l .I* .l .Jt .2 

22 _--_ - -_-_--_ -_-__. _____- -_-_--- .13x.07 --- --- 

Tot41 IwI*Itk 
cmols sw~lmn : 

16.411.6 18.411.1 20.2t1.1 17.1,1.7 ,,.,:I.0 19.9: .I lO.l*l.I 34.9rl.6 
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Table VII 

Cormctiom IlId syrtemtlc horr 
for Averqe IntI~st~c Charged I(ulti~lklty 

Uawrectcd v-f - I rrmq, - 7.43 t .:3 

7JJe of 
fb~c* Carlo 
Concctl?n¶ 

Unc'nr'aw 
comction corr~ctlon 

AlP*Y,fcr Effects 

Mt. ‘..y fmd"ctton -.70 JO 
t cawlrrtonr Ia Twgrt Region 49 .ol 
s kc@Js -.lO .cs 
A' *cays -.07 .02 
secor.~ Intw*ctlons -.70 .a 

61 r4C’rimnt 9ewme Corrutlan 
4% fffickacp md 
Outs* height l rron .I0 -02 

Uln ChuAcr Efficiency 
JM tracihg Llgotitb R,,takc, .g .lJ 

m rnd It E~flCiLKJ- 
and Srclrrd Loss of 30116 Angle .15 .03 

Cl ctlw sowzrr 

arstcc :rors srctioo Ebtr~ction -48 .a 
1nrrrstcc Tm-fmq LOSS -.Ol .03 

tot41 br~tlon -44 r.17- 

IIn41 corrected v-p - I .nrrg* = 6.79 f .11 

-:.ete tht these correcttons lnclud~ 7.r.r conrrrrfanr tn t!e ~wnter,. 
**T&41 romctlon uncwt~tnt, Is ttu uxtrtainty In etch cwrcctlm 

added ln Wrdrrtun. IMU that ttm finrl quoted error dOeI not Include 
the .I7. 
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TABLE VIII. 

mctten* 
** - ,* 
.+ - r- 
t - Ii+ 
.+ - r- 
.+ . ) 

I* * .’ 
C'* K' 

p - .+ 

P-P 

Fit ?rrutm 

CIYx * A. I IM,' . qt1 

loo 6ew Reactlonr 
(hsfttrr Incldrnt 9e.r fwtfck,) 

A B C 

-.7lr .lS 1.34t.w .llt .11 

Ah .a9 I.%*.22 -.46r .53 

-2% .53 1.241.14 .41t .2r 

.Iw. 10 1.84t.91 1.&9*1.92 

.a&l.Jl 1.01r.35 .cat .31 

-2.42i2.05 lJ41.50 ,.19~1.22 

-.&I AI 1.29t.13 .191 .I7 

-4.%d.% l.Pllt.42 .68t .Sl 

-.7% .I6 1.36t.05 .4zt .I0 

Khemtic Region FItted 

.2 l ItI * 2. ccv2 

10 < II.2 < 1% w2 

*‘/OF 

Is/z 

Ifi 

47122 

WI 

%I17 

3/7 

4w2? 

37115 

go/35 

'All maCtbnI an m proton tlrgetl. for Inrtmce s+ -.* 1s rkmthnd 

*2p-.+x. 
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FIGURE CAPTIONS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

6. 

9. 

10. 

11. 

12. 

13. 

Non-magnetic vertex detector MT and MB are scintillators, 
MC counters and lucite cerenkov radiators, and PCl,2,3 and 
multiwire proportional chambers. 

Vertex x distribution as calculated by beam counters and 
spectrometer chambers. The kinematics were Pb=lOO Gev, 
Ps-60 GeV, angle=3.5 mrad. 

Typical single MC counter pulse height showing particle 
topology cuts. 

RN0 scaling curve for h-p reactions. The curve represents 
the RN0 scaling fit for pp reactions of Ref. 17. 

Typical t-dependence for leading particle reactions. The 
curves are fits described in Section IV., D. 

Typical x-dependences for leading and production reactions. 
The curves are fits described in Section IV., D. 

6(x) for fits to ii = a(x) - 6(x)t for leading particle 
reactions. The straight lines are trends from lower energy 
pp*px data (Ref. 21) and the arrow is the result of a 
global fit described in Sec. IV. 

a(x) for pp-px at t=o. The solid line represents the fit 
described in Sec. 1V.D. The dotted lines are the results 
of Ref. 20 and an average behavior of data compiled in 
Ref. 19. 

Lx(X) for n'p+n'x at t=o. 
described in Sec. W.g. 

The solid line represents the fit 
The dotted line represents the 

data of Ref. 19 for n p+-t X at 147 GeV/c. 

Average multiplicities foe leading, resonance, and baryon 
excitation processes at Mx* = 53 GeV*. 

Average multiplicity for M ' = 131 GeV' at 175 GeV and t'=o. 
The total inelastic multiplicities are from fits to data 
compiled in Ref. 19. 

tn I4 = or h s coefficients for the associated 
wltfplicities. 

Psuedo-rapjditjes of associated charged particles in the 
reaction x p-7 X at 175 GeV, pt=0.3 GeV/c. 



14. Rapidity distributions for pp+px (this experiment), ?p*x 
(Ref. 23) and pp-X (Ref. 24) at 1 common Rx’ = 190 GN’. 

* 
15. Associated rapidity distributions for the reaction : p+n-X. 

16. Excess forward multiplicities for II: 3.3 at X=0.88. 
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